The purpose of the present study was to describe sarcomere dynamics in thin trabeculae that were dissected from the right ventricle of kittens. The muscles were mounted in an experimental chamber and perfused with a modified Krebs-Henseleit solution (25°C). Sarcomere length (SL) was measured by laser diffraction techniques; force, by a silicon strain gauge; and velocity of sarcomere shortening, by the "isovelocity release" technique. Contractile activation was varied by changing the calcium concentration in the bathing medium ([Ca2+J0). Slack SL was 1.85 ±0.04 ,m. When length of the muscle was held constant, the sarcomeres in the central region of the muscle shortened during the twitch by up to 21%. Both peak sarcomere isometric twitch force and unloaded velocity of sarcomere shortening (V0) were a sigmoidal function of [Ca2'],. Maximum VO was 9.8+±0.2 ,um/sec; maximum sarcomere isometric twitch force was 108± 13.8 mN/mm2. The shape of the force-SL relation was a function of [Ca2,1L. At
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The purpose of the present study was to describe sarcomere dynamics in thin trabeculae that were dissected from the right ventricle of kittens. The muscles were mounted in an experimental chamber and perfused with a modified Krebs-Henseleit solution (25°C). Sarcomere length (SL) was measured by laser diffraction techniques; force, by a silicon strain gauge; and velocity of sarcomere shortening, by the "isovelocity release" technique. Contractile activation was varied by changing the calcium concentration in the bathing medium ([Ca2+J0). Slack SL was 1.85 ±0.04 ,m. When length of the muscle was held constant, the sarcomeres in the central region of the muscle shortened during the twitch by up to 21%. Both peak sarcomere isometric twitch force and unloaded velocity of sarcomere shortening (V0) were a sigmoidal function of [Ca2'],. Maximum linearly on SL below 1.85 ,um but became nearly independent of SL above 1.85 ,um. V0 rose exponentially with time into the twitch up to 200 msec and remained constant thereafter at least up to 300 msec. Force, on the other hand, peaked at about 300 msec. These results are comparable with those found in rat myocardium, although cat myocardium is less sensitive to [Ca2+]0 and twitch kinetics are significantly slower than those in rat myocardium. (Circulation Research 1991;68:588-596)
T he mechanical properties of cardiac muscle have been studied in isolated cat papillary muscle in considerable detail.1-3 However, these studies were subjected to some imprecision, due to a compliant elastic element in series with the muscle. This elasticity is induced in the preparation by damage that is inflicted to the ends of the muscle during the isolation process.4-7 Thus, during contractions in which muscle length is held constant, there is considerable shortening of sarcomeres in the central region of the papillary muscle, at the expense of stretch of the damaged end regions.4-7This has led to studies in which sarcomere length was measured continuously in the central region of rat cardiac trabeculae.8-10 Comparison of these studies with the earlier studies,1-3 however, is complicated by the species difference, that is, rat versus cat myocardium. Hence, the purpose of the present study was to apply the laser diffraction technique to the study of the mechanical properties of cat cardiac trabeculae. The results of the present study indicate that the mechanical properties of cat myocardium are not fundamentally different from those of rat myocardium. Cat myocardium, however, is less sensitive to the concentration of calcium ions ([Ca`+]0) in the bathing solution; the maximum unloaded velocity of sarcomere shortening (maximum VO) is 20% lower; and twitch kinetics are 50% slower than in rat myocardium.
Materials and Methods Muscle Preparation
Trabeculae were dissected from the hearts of 6-12-week-old kittens of either sex. The hearts were excised from the kittens under ketamine anesthesia (100 mg/kg i.p.). Dissection was performed under a binocular microscope while the heart was perfused with a modified Krebs-Henseleit solution as described previously. [8] [9] [10] 11, 12 Briefly, thin and unbranched trabeculae running between the free wall of the right ventricle and the atrioventricular ring were selected. The preparations were usually oval shaped and were 150-300 ,um in width, 70-150 gm in thickness, and 2-5 mm in length. The preparations were mounted in a glass-covered experimental chamber and positioned on the stage of an inverted microscope (Nikon, Tokyo). The volume of the chamber was 0.25 ml, and the preparations were superfused at a flow rate of 2.5 ml/min. The modified Krebs-Henseleit solution contained (mM) Na+ 140.5, K' 5.0, Cl-127.5, Mg2+ 1.2, H2P042-2.0, SO42-1.2, HCO3-19, D-glucose 10.0, and Ca2+ as indicated. During dissection, K' concentration was increased to 15 mM and Ca2+ concentration was reduced to 0.2 mM to prevent spontaneous beating of the heart. All chemicals were of the highest purity available (Analar grade, BDH Chemical Co., Toronto). The solutions were in equilibrium with a 95% 02-5% CO2 gas mixture, which resulted in a pH of 7.4; temperature was 25°C unless otherwise indicated.
Apparatus
Sarcomere length was measured as described in detail previously. 8, 12 In short, the intensity distribution of the first-order diffraction band was monitored by a 512-element photodiode array (model RC 105, Reticon, Sunnyvale, Calif.), which was scanned electronically every 0.5 msec. The median sarcomere length was computed by analog circuitry, after a correction had been made for the contribution of light scattered from zero order. Muscle length was measured and controlled with a servo motor (250-,usec 90% step response; model 300, Cambridge Technology, Inc., Watertown, Mass.). The force transducer was a modified semiconductor strain gauge (model AE 801, Sensonor, Horten, Norway) with a resonance frequency of 10 kHz (see Reference 12 for details). Stress was calculated as force divided by cross-sectional area. The latter was calculated from the muscle dimensions, which were determined via an ocular micrometer that was mounted in the binocular dissection microscope. Muscle force, muscle length, and median sarcomere length were recorded on a chart recorder (Gould, Cleveland, Ohio). In addition, median sarcomere length and muscle force were also displayed on a storage oscilloscope and sampled via an analog-to-digital converter (1-10-kHz sample rate), which was installed in a personal computer. Customdesigned software allowed on-line analysis of force, sarcomere length, and sarcomere velocity (see References 11 and 12 for details).
Experimental Protocols
After the muscle had been mounted, a region of the muscle close to the remnant of the ventricular wall was selected for diffraction study. This region was selected because translation of the muscle during Reference 12 for details). If translation during ramp stretches or releases exceeded 25 ,um (equivalent to -13% of the optical field), the muscle was repositioned or remounted. Muscle preparations were discarded if this criterion could not be met. The trabeculae were usually stimulated at 0.5 Hz via two platinum electrodes parallel to the muscle. Stimulus intensity was 50% above threshold, and stimulus duration was 2 msec. After being mounted, the muscles were stretched to a resting sarcomere length of 2.10 ,um and left to equilibrate for 1 hour. During this time, the muscles were superfused with the modified Krebs-Henseleit solution, which also contained 1.5 mM [Ca 2].. After this equilibration period, the muscles were restretched to a resting length of 2.10 ,um, and the mechanical characteristics of the preparation were next determined. Force-sarcomere length relations were determined as described by ter Keurs et al. 8 Briefly, the muscle was kept at a reference length (sarcomere length of 2.10 ,um) for 10-15 contractions between a series of four test contractions. Force-sarcomere length relations were determined from peak force and instantaneous sarcomere length during the fourth contraction at each test series. Peak active force was calculated as the total peak force minus the passive force that would exist at the same sarcomere length as the sarcomere length that exists at peak force. Hence, this calculation assumes that the passive force is borne by an elastic element in parallel with the sarcomeres (see also Figure 1 ). Sarcomere velocity and V. were measured by the "isovelocity release" technique as described in detail before.9,12 In short, at a predetermined moment during the twitch, the muscle was quickly (<5 msec) released to attain a particular force level. Next, the muscle was released at such a velocity that the force level was maintained at a steady level, and the velocity of sarcomere shortening was measured (see also Figure 3 ). V0 was measured by a similar technique (see de Tombe and ter Keurs12 for details pertaining to the criteria that were used to ascertain that the sarcomeres are truly unloaded during the measurement of V0).
Sarcomere-length isometric twitches were obtained by stretching the muscle early during the twitch. The magnitude of the stretch was adjusted such that sarcomere length remained constant within 0.1 ,um during the twitch (see Figure 3 ).
Statistical Analysis and Curve Fitting
Force-sarcomere velocity relations were fitted to the Hill equation13 by a nonlinear least-squares fitting SL at rest increased almost linearly in relation to ML up to SL =2.3 gm. SL increased much less at higher MLs, concomitant with a substantial increase in passive force. Stretch of the damaged ends of the preparation accounted for the difference between stretch of the muscle and stretch of the sarcomeres. The muscle was stimulated every 5 seconds. Peak active force development increased with increasing ML up to its maximum value (Lm,_, indicated by the arrow). The apparent decrease of actively developed force beyond Lm,z. occurred while the sarcomeres in the center of the muscle shortened to a length at which the passive muscle bears no elastic force. Hence, in this study, peak active developed force is expressed as total peak force minus the passive force that would exist at the same SL as the SL that exists at peak force. Ca21 concentration in the bathing solution was 2.0 mM at 26. 1C. curvature of the F-SL relation. Sigmoidal relations were fitted to a modified Hill equation, also by the nonlinear fit procedure.14 The function had the following form: Y=Ym,,xh/(EC50h+xh), where Y is the dependent variable, x is the independent variable, and h is the Hill coefficient.
Paired or unpaired Student's t test was used to test for statistical differences. In addition, the parameters that were obtained by the nonlinear least-squares fitting procedures, from each individual experiment, were also subjected to Student's t test, that is, as if they had been obtained by direct measurement (a procedure proposed by Motulsky and Ransnas15). Data are presented as mean+SEM.
Results

Auxotonic Contractions
The properties of a typical trabecula are shown in Figure 1 . It is clear that in the region of the muscle that was sampled by the laser substantial sarcomere shortening took place during the twitch. Microscopic observation revealed that this took place at the expense of regions near the ends of the muscle. The sarcomere length-muscle length relations for the resting and active muscle were similar to those of rat papillary muscle preparation.4,5,16 Sarcomere length in a totally unloaded muscle, that is, slack length, was 1.85+0.04 gm.
Sarcomere length in the unstimulated muscle increased almost linearly with increasing muscle length up to a sarcomere length of 2.3 gim. Further stretch of the muscle resulted in a much smaller increase in resting sarcomere length, whereas passive force increased substantially. This indicates that at this sarcomere length the sarcomeres in the region of study are much less compliant than the end regions at rest. The amount of shortening of the sarcomeres during contraction varied between 21% at a resting sarcomere length of 2.0 gm and 6% at a resting sarcomere length of 2.4 ,um. Maximum shortening was always observed at a resting sarcomere length between 2.0 and 2.2 gum.
Force-Sarcomere Length Relation
The relation between peak active force and sarcomere length at [Ca2l]0 of 1.5 mM is shown in Figure 2A . The relation was fitted to a power function (see "Materials and Methods") with an average value of the power term of 2.5+0.47, indicating that the relation was significantly (p=0.02) curved with its convexity toward the abscissa. We have previously shown in rat myocardium8,'0 that the shape of the force-sarcomere length relation is affected by
[Ca21]0. To test whether such was the case in cat myocardium, we studied the force-sarcomere length relation at [Ca2+]l= 1.5 and 6.0 mM. At [Ca2+]o=6.0 mM, the relation was concave to the abscissa, as is shown in Figure 2B , consistent with our previous results in rat myocardium.
Force-Sarcomere Velocity Relation
It is important to measure the velocity of sarcomere shortening at varied forces at the same time during the twitch and at the same sarcomere length. To achieve the latter, sarcomere shortening during the twitch was prevented by stretching the muscle early during the twitch, as is illustrated in Figure 3A . This procedure also allows one to measure peak Figure 3A illustrate typical results of the isovelocity release technique, which allows measurement of force and sarcomere velocity at a predetermined time and sarcomere length. In analogy to the procedure used by us previously in rat trabeculae,911"2 force-sarcomere velocity relations were measured at 200-240 msec after stimulation, that is, at a time at which twitch force exceeded 50% of FO (see also Figure 5 ), and V0 was independent of time during the twitch. Sarcomere length during the velocity measurement was between 1.9 and 2.1 ,um (see also Figure 6 ). Figure  3B shows the result obtained in a typical trabecula at such an extent that force was reduced to 4 mN/mm2 (<5 msec). This quick release was followed by a slower, controlled release of such a magnitude and speed that force was maintained at 4 mN/mm2. The velocity ofsarcomere shortening was measured in the time window indicated by the dashed lines and amounted to 2.9 pim/sec (note that the SL was between 2.0 and 1.9 pim during the time ofmeasurement). The bottom panel shows a release to zero force, that is, the measurement of unloaded velocity of sarcomere shortening. Unloaded velocity of sarcomere shortening was measured in the time window indicated by the dashed lines and amounted to £2 pim/sec (note that the release was chosen such that SL during the measurement was again between 2.0 and 1.9 pim). Ca21 concentration in the bathing medium was 1.5 mM. Figure 3A . Figure 4 From the data presented in Figure 4 , it appears that VO increases with increasing force of the twitch. This correspondence between VO and force was also reflected during the twitch. Figure 5 peaked at about 300 msec (dashed line). This result is similar to our previous results in rat myocardium.9
VO and Sarcomere Length
The dependence of both F, and VO on [Ca2`1, suggests that both parameters depend on the level of activation of the contractile system. Since force also increases with sarcomere length, it was of interest to study the relation between sarcomere length and VO.
The protocol that was used for this experiment is illustrated in Figure 6A and is analogous to the method used by us previously in rat trabeculae.9 Figure 6B shows 
Discussion
In the present study, sarcomere dynamics were determined in isolated cardiac trabeculae from kittens. The muscle nonuniformity that was observed in the present study is comparable with that observed previously in isolated rat papillary muscle,4-7 cat18 and ferret19,20 isolated papillary muscle, and isolated rat cardiac trabeculae8-10,11,17 (refer to Figure 1 ). It is clear that such nonuniformity will severely affect the mechanical properties of the cardiac muscle preparation as a whole. Therefore, to gain insight in the mechanical properties of the cardiac sarcomere, precautions need to be taken to either prevent sarco-n . Figure 2 ). The protocol that was used was identical to that used to record the force-SL relation: 10-15 contractions at a reference length of 2.10 pin, followed by a series of four test contractions at the specified SL. VO mere shortening or to measure the length of the sarcomeres in the central region of the muscle. A summary of the data of the present study on cat myocardium together with our previous results obtained on rat myocardium is presented in Table 1 .
The results of the present study show that the mechanical properties of cat myocardium, at the level of the cardiac sarcomere, are similar to those of rat myocardium and other species that have been less extensively documented. The major difference between rat myocardium and other mammalian myocardium is related to differences in the sensitivity to [Ca`]0 and twitch timing. This is the first report in which the force-sarcomere length relation has been studied in cat myocardium. The range of sarcomere lengths (1.6-2.3 ,um) over which these trabeculae operated is similar to the range that has been observed in other species8,10,11,21; sarcomere length in the muscles that were held slack was similar as well (i.e., -1.85 ,um). Stretch of the sarcomeres above slack length led to development of passive force, which increased progressively; stretch above 2.4 ,um appeared to be impossible because of the extreme stiffness (see Figure 2 ) of the parallel elastic element (presumably the collagen meshwork around the cells22); this behavior has been described before in rat cardiac trabeculae.10 An important implication of this observation is that mammalian cardiac muscle can only operate along the ascending limb of the force-sarcomere length relation.
The relations between peak active force of the twitch and sarcomere length measured in this study (Figure 2 and Table 1 ) are also similar to those found in rat cardiac trabeculae.8,10 It is clear that no plateau or maximum can be recorded in the force-length relation at the level of the cardiac sarcomere and that [Ca'+]0 has a profound effect on the shape of this relation. These results are consistent with the forcesarcomere length relations measured by us in sheep and ferret trabeculae at varied levels of [Ca2+]0.21 A similar result has also been reported by Huntsman et al,20 who measured force-segment length relations of ferret papillary muscle via a magnetic sensing-coil technique at varied levels of [Ca`]0.
The monotonic increase of twitch force with increasing sarcomere length, however, is at variance with the force-muscle length relation in which a maximum can be found.1-3This probably results from the arrangement of the cardiac sarcomeres in parallel with the elastic matrix, which becomes very stiff at a Values are mean±SEM. F,, peak active twitch force; [Ca2j]0, Ca2+ concentration in the bathing medium; VO, unloaded velocity of sarcomere shortening; SL, sarcomere length. *Both temperature (25°C) and perfusion solution were identical to the present study. tMeasured at SL=2.0 ,um and at saturating levels of [Ca2 10 (i.e., 3 .0 and 6.0 mM in rat and cat myocardium, respectively).
tRelaxation time was defined as the time elapsed from peak force to 10% of peak force. §Power term of the fitted power function (see "Materials and Methods" and Reference 10).
t1High [Ca2l]0 was 1.5 and 6.0 mM in rat and cat myocardium, respectively. Low [Ca>2]. was 0.2-0.4 and 1.5 mM in rat and cat myocardium, respectively. sarcomere length above 2.3-2.4 ,um (Figure 1 ). Shortening of the sarcomeres in the muscles in which the overall length of the muscle was held constant always appeared to occur at the expense of compliant ends of the muscle near the attachments to the recording apparatus. The decline of developed twitch force at muscle lengths at which passive elastic force is developed can be explained if one realizes that the sarcomeres in the central region, which bears passive elastic force in the stretched muscle, shorten during contraction. Hence, the force that is generated by the parallel elastic element decreases during the twitch to the same level that would be found in the unstimulated muscle at the sarcomere length existing at the moment of peak force of the twitch. We have taken this effect of shortening of the sarcomeres in the center of the muscle into account by expressing peak force as total force minus the passive force existing in the unstimulated muscle at the sarcomere length at the moment of peak twitch force. An increase in the level of activation of the contractile apparatus in these trabeculae, which was a result of increasing [Ca2,]0, led to increased force; the magnitude of this increase appeared to be length dependent ( Figure 2B ), as has been described before in isolated cardiac muscle.8,10,20,21 A similar effect of a varied level of activation has been described for the end-systolic pressure-volume relation in the isolated left ventricle of the dog, studied with extrasystolic potentiation. 23 The mechanism of the effect of [Ca2]0 on the shape of the force-sarcomere length relation ( Figure  2B and Table 1 ) has recently been shown, in rat myocardium, to be due to the shift in sensitivity to calcium of the cardiac sarcomere, in combination with the occurrence of forces that oppose shortening of the sarcomeres below slack length.10 Although the sensitivity to [Ca`]0 is substantially lower in cat myocardium compared with rat myocardium (refer to Figures 2 and 4 , Table 1 , and References 24-26), it is likely that a similar mechanism also applies to cat myocardium, since a direct proportionality between the cytosolic Ca' concentration and [Ca2]0 has been demonstrated in mammalian myocardium.27,28 The difference in [Ca`]0 sensitivity between rat and other mammalian myocardium cannot, however, be ascribed to a difference in Ca2' sensitivity of the myofilaments, since no difference between species in the cardiac force-pCa relations of skinned fibers has been found. 29, 30 Comparison of the observed length dependence of varied activation in isolated muscle by varied [Ca2l]0 observed in this study and in previous studies8.102021 with the behavior of the left ventricle of the dog23 strongly suggests that the end-systolic pressure-volume relation of the mammalian heart can be explained by length dependence of the calcium sensitivity of the cardiac sarcomere. The general shape of the force-sarcomere velocity relation was comparable with that observed in rat myocardium,9 which supports the notion that the mechanism underlying the effect of a load on velocity of sarcomere shortening (i.e., load dependence of the cycling rate of the actomyosin crossbridge) is similar in both species. VO, measured in this study, was quantitatively comparable with the velocity of segment shortening under a light load in ferret papillary muscle prepa-rations. 19 In that study, the velocity of shortening at [Ca2`]0=4.0 mM was four muscle lengths/sec, which is only slightly lower than the VO of around 10 ,um/sec found in the present study. These estimates of V0 are higher than that of the maximum velocity of muscle shortening (Vm..) measured in papillary muscle preparations of cat ventricle.124'25'3' It is likely that the lower value for Vma is caused by internal shortening in these preparations (Figure 1) . This artifact will cause the sarcomeres to shorten below slack length, that is, against an internal opposing force, before the measurement of Vma, is performed. VO, measured at a sarcomere length at which neither an elastic opposing force nor a parallel elastic force exists, was a sigmoidal function of [Ca2]10 ( Figure 4 ). This result is consistent with our previous observation in rat myocardium (refer to Table 1 and Reference 9) and the results of Martyn et al19 in ferret myocardium. The observation that VO was lower in the trabeculae of cat studied here (i.e., 6.5 ,um/sec) than VO in rat cardiac trabeculae (12) (13) (14) ,um/sec) at comparable extracellular Ca 2 levels (1.5 mM) can be explained by the higher sensitivity of rat trabeculae to [Ca`+]0 under otherwise comparable conditions ( Table 1 ). An increase in the unloaded velocity of muscle shortening with increased [Ca21]0 has also been observed in the isolated cat papillary muscle preparation.13' However, as was mentioned before, the methods adopted in those studies make it very likely that VO was underestimated. It has been proposed that the effect of the level of activation of the myofilaments on the maximal velocity of shortening resides in an internal load,32 although the exact properties of this load have not yet fully been elucidated. The dependence of VO on activation seems to manifest itself also during the twitch, as is shown by Figure 5 , in which VO rises during onset of the twitch. The rise of VO is faster than that of force, which is consistent with the higher sensitivity of VO to [Ca21]0 than that of force. Sarcomere length had a prominent effect on V., an effect that could be modulated by [Ca2`]0 ( Figure 6 ). This observation is consistent with previous results from this laboratory9 on rat cardiac trabeculae (Table  1 ) and results from ferret myocardium19 but is in contrast with earlier studies on load-clamped cat papillary muscle preparations.133 However, in the latter studies, muscle length as opposed to sarcomere length was used to calculate the velocity of shortening. This creates the necessity to correct for series elasticity, a correction that critically depends on the mechanical model used.34'35 Consistent with the results of the present study, a dependence of VO on muscle length has been found in cat papillary muscle by Noble et al,36 who used the "quick release" technique.
It is useful to discuss the interrelation between VO and sarcomere length, both below and above slack length. At all levels of [Ca2,]0, VO decreased with shortening b_low slack sarcomere length (-1.85 gm), whereas V0 was, at all sarcomere lengths, larger at high [Ca'+]0 than at low [Ca2+]0. It is likely that this decline of V0 was caused by the existence of the force at lengths below slack length, which tends to elongate the cardiac cell. This force should act as an internal load during shortening of the sarcomeres and, hence, reduce velocity of shortening even in the absence of an external load. The effect of an increase of [Ca2']0 would be an increase of the number of active force generators and, therefore, a reduction of the internal load per crossbridge and, hence, an increase of the measured V0. VO remained relatively constant at high [Ca2']0 at sarcomere lengths above slack length, that is, at sarcomere lengths at which the magnitude of the parallel elastic force interferes only minimally with the measurement of V0 at high [Ca'+]0. At submaximal levels of contractile activation (i.e., [Ca2`]0=1.5 mM), however, VO appeared to depend on length also above sarcomere lengths of 1.85 ,m. This is consistent with the hypothesis that V0 increased with length above 1.85 gm as a result of increased activation (see above). The dependence of V0 on the level of activation of the contractile apparatus at sarcomere lengths above slack length requires further detailed analysis. Even so, our present results indicate that the use of V0 as a length-independent parameter of contractile function is of limited value, because stretch of the cardiac sarcomere increases the sensitivity of the contractile system to Ca2' ions, hence, increasing activation, which by itself may result in an increase of V0.
